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Abstract
The Slate Islands impact structure is the eroded remnant of a _30-32 km-diameter complex impact structure located
in northern Lake Superior, Ontario, Canada. Target rocks are Archean supracrustal and igneous rocks and Proterozoic
metavolcanics, metasediments, and diabase. A wide variety of breccias occurs on the islands, many of which contain
fragments exhibiting shock metamorphic features. Aphanitic, narrow and inclusion-poor pseudotachylite veins, commonly
with more or less parallel boundaries and apophyses branching off them, represent the earliest breccias formed during
the compression stage of the impact process. Coarse-grained, polymictic clastic matrix breccias form small to very large,
inclusion-rich dikes and irregularly shaped bodies that may contain altered glass fragments. These breccias have sharp
contacts with their host rocks and include a wide range of fragment types some of which were transported over minimum
distances of _2 km away from the center of the structure. They cut across pseudotachylite veins and contain inclusions of
them. Field and petrographic evidence indicate that these polymictic breccias fbrmed predominantly during the excavation
and central uplift stages of the impact process. Monomictic breccias, characterized by angular fragments and transitional
contacts with their host rocks, occur in parautochthonous target rocks, mainly on the outlying islands of the Slate Islands
archipelago. A few contain fragmented and disrupted, coarse-grained, polymictic clastic matrix breccia dikes. This is an
indication that at least some of these monomictic breccias formed late in the impact process and that they are probably
related to a late crater modification stage. A small number of relatively large occurrences of glass-poor, suevitic breccias
occur at the flanks of the central uplift and along the inner flank of the outer ring of the Slate Islands complex crater.
A coarse, glass-free, allogenic breccia, containing shatter-coned fragments derived from Proterozoic target rocks (upper
target strata), observed at two locations may be analogous to the 'Bunte Breccia' of the Ries crater in Germany. At one of
these locations, this breccia lies close to a crater suevite deposit. At the other, it overlies parautochthonous, monomictic
breccia. The Slate Islands impact breccias are superbly exposed, much better than breccias in most other terrestrial impact
structures. Observations, including those indicative of multiple and sequential processes, provide insight on how impact
breccias form and how they relate to the various phases of the impact process, Eventually they will lead to an improved
understanding of planetary impact processes.
Keywords: impact crater; Slate Islands; breccia; pseudotachylite
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1. Introduction
The Slate Islands impact structure is located in
northern Lake Superior, "-,10 km south of Terrace
Bay, Ontario, Canada (Fig. ! ). Various types of brec-
cias, shatter cones, and rocks with microscopic shock
metamorphic features are present on the islands and
provide convincing evidence that the structure was
formed as the result of comet or asteroid impact (e.g.
Halls and Grieve, 1976; Grieve and Robertson, 1976;
Grieve et al., 1995; cf. Sage, 1978, 1991).
A large portion of the island group compris-
ing two large and several small islands appears to
represent the partially eroded central uplift of a com-
plex impact crater. Bathymetric information obtained
from around the islands group roughly outlines the
shape of a complex impact crater, originally _30-32
km in diameter (Halls and Grieve, 1976; Dressier
et al., 1995; Sharpton and Dressier, 1996; Sharpton
et al., 1996a). The structure has been selected for
an in-depth investigation of the various rock units
and target rock deformations related to impact. Ero-
sion on the islands and large, wave-battered shore
exposures provide excellent two- and three-dimen-
sional views of lithoiogical and structural elements
of the central uplift of a complex impact structure.
We know of no terrestrial impact structure of compa-
rable size with equal or better exposures of rocks of
the central part of the structure.
A wide variety of breccia types are known to
occur at terrestrial impact structures and they have
been described in considerable detail. Htittner (1969)
and Engelhardt and Graup (1984), for example, re-
ported on breccias of the Ries impact structure in
Germany, whereas Dressier (1984) and Muir and
Peredery (1984) described breccias of the Sudbury
structure in Ontario. Lambert (1981), Bischoff and
Oskierski (1987), SttJffler et al. (1988), Redeker and
Strffler (1988), Martini (1991), Reimold (1995) and
Sharpton et al. (1996b), and references therein, to
list only a few more relevant publications, worked on
a number of other terrestrial impact structures or, in
more general terms, dealt with impact-triggered rock
brecciation. Despite this impressive research, impact
breccia formation, in our opinion, is not adequately
understood, especially as it relates to the formation
of various types of breccia in autochthonous and
parautochthonous target rocks of the crater floor and
the central uplift. With this in mind, we have stud-
ied a large number of breccia occurrences at Slate
Islands (Fig. 1) and collected a considerable num-
ber of samples for laboratory investigation. Here,
we present the results of this study and relate the
observed breccia types to the various stages of the
impact process as presently understood, namely the
compression, excavation and central uplift and crater
modification phases. We are, however, aware that
the customary step-by-step depiction of the impact
process is a convenient simplification only. Our ap-
proach and some of our results are similar to those of
Lambert (1981) and Bischoff and Oskierski (1987),
who also attempted to relate various breccia types to
specific impact phases.
2. General geology and age of the Slate Islands
structure
A considerable variety of Archean and Protero-
zoic rocks underlie the Slate Islands archipelago
(Sage, 1991; Fig. 1). Archean lithologies make up
the bulk of the bedrock and belong to the Wawa Sub-
province of the Superior Province of the Canadian
Shield. They are _2.7 Ga old (Ontario Geological
Survey, 1992) and consist of felsic to mafic pyroclas-
tic rocks, variolitic and pillowed basalt flows, and
feldspar porphyry flows. These supracrustal rocks
range in composition from calc-alkalic dacite to
tholeiitic basalt and are interbedded with ironstones,
mudstones and siitstones. The clastic metasedimen-
tary rocks are derived from volcanic rocks. Con-
glomerates, containing volcanic and chert clasts, also
occur, but are not common. Quartz-feldspar por-
phyries and gabbros, also Archean in age, intrude
the supracrustal rocks. All Archean rocks have been
regionally metamorphosed to greenschist facies rank
(Sage, 1991).
Proterozoic rocks are of limited spatial extent
(Sage, 1991). Among them are laminated argillite
and chert-carbonate-hematite ironstone of the Gun-
flint Formation and possibly siltstone of the Rove
Formation, all of the 1.8 to 1.9 Ga Animikie Group.
Mafic metavolcanic rocks and interflow quartz sand-
stone and siltstone, and diabase dikes of the _ 1.1 Ga
old Osier Group, Keweenawan Supergroup, also oc-
cur (Sage, 1991). On the basis of the seismic profiles
of the Great Lakes International Multidisciplinary
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Fig. I. General geology and location of Slate Islands impact structure (after Sage, 19911. Also shown are the locations of the various
breccia types observed on the islands.
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Program on Crustal Evolution (GLIMPCE) (Mari-
ano and Hinze, 1994) and the reprocessed northern
part of GLIMPCE Line A (courtesy of B. Milk-
ereit, Geological Survey of Canada, 1994; Sharpton
and Dressier, 1996) the Keweenawan units are be-
lieved by us to represent an originally >5 km thick
sequence of weakly southward dipping, seismically
strongly reflective units that made up the upper tar-
get stratigraphy at the time of the Slate Islands
impact event. The Keweenawan rocks were probably
overlain by sandstone of the Jacobsville Formation.
Sandstone fragments, interpreted by us as derived
from units of this formation, occur in the impact
breccias. Several lamprophyre dikes have been ob-
served by Sage (1991) along the southeast coast of
Patterson Island (not shown on Fig. 1).
All the above Archean and Proterozoic target
rocks have been noted by us as fragments in im-
pact breccias exposed on the islands. Considering
this observation alone, the structure has a minimum
age of 1.1 Ga. Grieve et al. (1995) suggested an
age of _350 Ma for the structure on the basis of
the similarity of its erosional level to that of the
Charlevoix structure in Quebec. This impact struc-
ture has been radiometrically dated at 357 + 15 Ma
(Rondot, 1971; Grieve et ai., 1995). However, Grieve
et al. (1995) realized that erosion levels can vary
considerably, especially in areas that were subject
to glaciation. Therefore, their estimate can be taken
only as a very rough approximation. Sage (1991)
presented K-Ar ages of 282 4- 11 Ma for phlogopite
and 310 • 18 Ma for antigorite of a lamprophyre
dike that had been subjected to impact brecciation.
More recently, however, the same lamprophyre was
radiometrically dated at a Keweenawan age of 1.1
Ga by the more reliable U-Pb method on perovskite
(L. Heaman, University of Alberta, Edmonton, pers.
commun., 1994). As stated above, we have observed
breccias on the islands containing sandstone and
siltstone fragments that resemble units of the Jacob-
sville Formation. This suggests a maximum age of
about 800 Ma for the Slate Islands impact structure
based on assignment of the Jacobsville Formation
as Hadrynian (Card et al., 1994). The Slate Islands
lie between the Phanerozoic Michigan and Hudson
Bay Lowlands basins. The region between these two
basins very probably was underlain by Ordovician
to Devonian sedimentary rocks (Norris and Sanford,
1968). However, we did not notice any fragments of
these Phanerozoic rocks in the Slate Islands impact
breccias. This may indicate an absence of these rocks
at the time of impact and an age of >350 Ma for the
structure. These observations lead us to conclude that
the structure is between 4350 and 800 Ma old. Ra-
diometric age determinations on pseudotachylite and
on rocks interpreted as impact melts and collected
during the 1995 field season are under way and hope-
fully will better constrain the age of this structure.
More or less all bedrock on the islands is brec-
ciated to various degrees. On Patterson Island and
other central islands of the archipelago, there is
hardly a shore outcrop not exhibiting some brec-
cia body (Fig. I). We have also observed breccias
in the interior of Patterson Island and most other
islands. However, on the islands themselves, away
from the shores, breccias are not well exposed be-
cause of dense vegetation and erosion: breccias are
in general less resistant to erosion than bedrock. A
search for breccias, microscopic shock metamorphic
features, and shatter cones in the Archean rocks on
the mainland north of Slate Islands was negative.
3. The impact process
Approximately 150 terrestrial impact structures
are presently known (Grieve et al., 1995) and over
the last 30 years meteorite impact has become an
accepted geological process within the geoscience
community. Three types of impact structures occur
on earth and have also been observed on the plan-
ets of the solar system: 'Simple craters', 'complex
craters', and 'multi-ring basins'. Simple craters are
bowl-shaped and, on earth, have rim diameters of
up to about 2 km in sedimentary target rocks, and
up to 4 km in crystalline targets (Dence, 1972). The
rim area of simple craters is locally upturned, such
as at the Barringer (= Meteor) crater in Arizona.
This 50,000 year old and 1.2 km-diameter crater is
perhaps the best studied simple crater on earth.
Complex craters are larger than simple craters and
have a central uplifted area, either a central peak or
a peak ring surrounded by an annular trough or de-
pression. These craters are filled in part by allogenic
breccias derived from the target rocks and/or by
impact melt rocks. Amongst the best known terres-
trial complex craters are the Ries crater in Germany
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(Preuss and Schmidt-Kaler, 1969; Engelhardt, 1990
and references therein), the Manicouagan structure
(Murtaugh, 1975, 1976; Dressier, 1970, 1990; Flo-
ran et al., 1978), and the Puchezh-Katunki, Popigai,
and Kara structures in Russia (Masaitis et al., 1994).
Fig. 2 describes, in a simplified form, the formation
of a complex impact structure, such as the Slate
Islands structure. This figure illustrates that the col-
lapse and modification of the transient crater involve
an area considerably larger than occupied by the
transient cavity alone resulting in structural deforma-
tion surrounding the central uplift.
The largest impact structures are multi-ring
basins. They are characterized by several structural
rings surrounding a topographic crater form. In their
pristine shape they are best known from the earth's
moon (Spudis, 1993 and references therein). On
(a)
earth, three large multi-ring basins have been rec-
ognized. One of them is the 65-Ma-oid Chicxulub
structure in Yucatan, Mexico, of 180-300 km di-
ameter (Sharpton et al., 1993), which is completely
covered by younger sedimentary rocks. Its multi-ring
character is derived from gravity analysis (Sharpton
et al., 1993). The other two multi-ring basin struc-
tures are both strongly eroded. They are the Vrede-
fort structure in South Africa (2024 4- 3 Ma, Kamo et
al., 1995; _250 km diameter, Therriault et al., 1993,
1995; Henkel and Reimold, 1966; S. Kamo, pers.
commun., 1966) and the deformed Sudbury structure
in Ontario, Canada (I.85 Ga; > 190 km in diameter;
Peredery and Morrison, 1984; Dressler et al., 1987;
Grieve et al., 1991; Deutsch et al., 1995). On the ba-
sis of their large size, they are believed to represent
multi-ring basins,
Upon impact, a portion of the kinetic energy of
an impacting asteroid or comet is partitioned into
kinetic energy in the target rock and is transferred
by a supersonic shock wave. This compressional
shock sets target rocks into hemispherically down-
ward and outward motion while rocks near the target
NE SW
:
Fig, 2. Formation of the Slate Islands complex impact structure.
(a) Impact and evaporation of projectile -- growing transient
crater lined with impact melt. Shock wave expands hemispheri-
cally downward and outward at a faster rate than the growth of
the crater. (b) Compression and excavation -- growth of tran-
sient crater. Figure shows shape of transient crater. Note that the
transient crater has a considerably smaller diameter than the final
structure (e, below). Deposition of ejected material and its de-
position as allogenic breccias is continuing during central uplift
phase (not shown in profile (c). (c) Central uplift. Note that flow
of material is upwards nol only from directly beneath ground
zero but also from more peripheral locations. Driving forces are
rebound of shock compressed rocks and gravitational collapse
of unstable transient crater. Note that rocks from deepest level
of transient crater form the peak of the central uplift. Faulting
during the central uplift and central uplift collapse phases, how-
ever, may allow substantial movement of parts of the central
uplift against each other. This can result in direct juxtaposition of
strongly shock-deformed rocks with relatively little shock-meta-
morphosed rocks in the central uplift. (d) Gravity-driven collapse
of central uplift and crater modification resulting in a relatively
fiat profile compared with the shape of the transient crater. (e)
Final form of impact structure. Note peripheral faults and ter-
races. (f) Present shape of Slate Islands impact structure after
partial erosion (black: allogenic breccias and impact melt, as-
sumed). Profile is based on bathymetric information from around
the archipelago and on topographic maps of the island group.
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surface are ejected from the growing crater cavity,
all this leading to the formation of a 'transient crater'
(Fig. 2). This transient cavity is unstable, resulting,
in case of larger, complex craters, in rebound of the
central crater basement and inward collapse of the
crater walls. All these impact stages, as well as the
following partial or complete collapse of the central
uplift and the late-stage crater modification, produce
breccias in the impact structure region. In most ter-
restrial impact craters, these breccias are relatively
poorly exposed due to erosion, vegetation cover, or
post-impact sedimentation. At Slate Islands, how-
ever, we have an opportunity to study spectacular
outcrops of impact breccias in the central portion of
a complex crater, characterized by a very heteroge-
neous target rock assembly.
Rock brecciation and shatter-coning are macro-
scopic characteristics of impact structures. Amongst
microscopic shock metamorphic features are frac-
turing, kink banding (neither in themselves diag-
nostic of shock deformation) and melting. Planar
microdeformation features, deformation bands, and
solid-state mineral transformation are indicative of
high shock pressures and, consequently, of impact.
Solid-state transformations result in the formation
of high-pressure mineral phases such as coesite and
stishovite (Strffier, 197 l a) and solid-state diaplectic
glass. Very high pressures result in rock melting (and
rock vaporization) and rapid temperature excursions
that generate glasses of both whole-rock and con-
stituent mineral composition. The properties of all
these shock features and their genetic significance
have been described by a considerable number of
researchers, e.g. in French and Short (1968), Engel-
hardt and Bertsch (1969), Strffler (1971a,b, 1974,
1984), strffler and Langenhorst (1994), and Grieve
et al. (1996).
At the Slate Islands structure, microscopic planar
deformation features in quartz and feldspar have
been observed by Halls and Grieve (1976), Sage
(1991), and by Dressier et al. (1994). Grieve and
Robertson (1976) studied the spatial variation of
shock deformation on the islands. Preliminary results
on an expansion of this effort were published by
Dressier et al. (1995). The shock features are seen
in target rocks and in breccia components. Impact
glasses and melt rocks have also been observed
(Dressier et al., 1994, 1995).
In nature, the actual formation of microscopic
shock features, impact breccias, glasses, and melts
has not been witnessed. Asteroid and comet im-
pacts occur very rapidly, compared with practically
all common geological processes. Direct observation
of large body impact is not possible. Small im-
pact experiments and the investigation of chemical
and nuclear explosion tests, however, provide some
valuable insight into various aspects and stages of
the impact process. Planetary impact, however, is
considerably more complex than these small-scale
analogues. In addition to experiments and model cal-
culations, we, therefore, depend on field studies and
laboratory research to advance our understanding of
planetary impact processes, including an understand-
ing of impact-related rock brecciation.
In the following we describe the various breccia
types found at the Slate Islands impact structure.
We are able to demonstrate that not all breccias at
the structure formed simultaneously, that there is a
sequential order to breccia formation, and that it
is possible to assign specific breccia types to the
various stages of the impact process. Attempts to this
effect have been made at other impact structures, for
example by Lambert ( 1981 ), Bischoff and Oskierski
(1987), and StOffler et al. (1988).
4. Petrology of Slate Islands impact breccias
Several types of breccias similar to those de-
scribed from other terrestrial impact structures have
been observed at the Slate Islands structure: (1)
pseudotachylite I veins and small dikes similar to
pseudotachylites at the Vredefort structure in South
Africa (Shand, 1916; Martini, 1991; Reimold, 1995;
Reimold and Colliston, 1994 and references therein),
the Sudbury structure in Ontario, Canada (Fairbairn
and Robson, 1942; Speers, 1957; Dressier, 1984;
Miiller-Mohr, 1992; Thompson and Spray, 1994;
Spray and Thompson, 1995 and references there-
in), the Manicouagan structure, Quebec, Canada
(Dressier, 1970, 1990; Murtaugh, 1975, 1976),
and other impact structures (Reimold, 1995); (2)
t 'Pseudotachylite' is used here as a strictly descriptive term
for tachylite-like, dark grey or black, aphanitic inclusion-bear-
ing veins and irregularly shaped bodies that may have glassy,
fine-grained, igneous or clastic matrices.
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polymictic clastic matrix breccias like those at the
Rochechouart structure in France (Bischoff and Os-
kierski, 1987), the Ries structure in Germany (Strf-
tier, 1977; Strffler et al., 1988) and the Charlevoix
structure in Quebec (Rondot, 1995), to name just a
few; (3) monomictic, parautochthonous breccias are
similar to those observed, for example, at the Mani-
couagan structure (Dressier, 1970; Murtaugh, 1975,
1976) and several other Canadian structures (Dence,
1968). Allogenic, fallback breccias are not very com-
mon at Slate Islands. However, they probably form
extensive deposits around the island group beneath
the waters of Lake Superior.
4.1. Breccias in the target rocks
The Slate Islands are believed to represent the
central uplift (Halls and Grieve, 1976) and part of
an annular ring of a complex impact crater (Sharpton
and Dressier, 1996). The complex and heterogeneous
target rocks are characterized by strong brecciation.
The degree to which the various target rocks are
brecciated varies considerably from one place to the
other within the island group, but we estimate that,
in total, breccias make up _15 to 25% of the rocks
that underlie the islands.
4.1.1. Pseudotachylites
The term 'pseudotachylite' was introduced by
Shand (1916) to describe veins, dikes _ and irreg-
ularly shaped bodies of dark-colored, fine-grained,
inclusion-bearing rocks in the Vredefort structure
of South Africa. Pseudotachylites are formed as
the result of brittle or brittle-ductile seismic fault-
ing and also have been described from a number
of terrestrial impact structures (Reimold, 1995 and
references therein). In tectonic regimes, they are
thought to torm by friction melting (e.g. Sibson,
1975; Magloughlin and Spray, 1992; Swanson, 1992;
Spray, 1995) or by strong cataclasis (Wenk, 1978).
In impact structures, they could have been gener-
ated by friction melting and/or shock brecciation
and/or impact melting. In both the tectonic and im-
pact regimes, the generation of pseudotachylite is
2 The term "dike' l a tabular body) is used in this publication in a
descriptive, not a genetic sense. It does not necessarily denote an
intrusive origin.
a very rapid and dynamic process, probably rang-
ing from the microsecond to the one-to-two-second
range.
The discussion on the origin of pseudotachylite
is as old as the term itself. In the more recent
literature (Reimold, 1995 and references therein)
pseudotachylites are described as formed by friction
melting. At the Vredefort structure, Martini (1991)
distinguished between two types of pseudotachylite.
The first type commonly forms thin dikelets and is
characterized by dark gray, aphanitic material, which
has fluidal melt textures and sharp contacts with host
rocks. The second, according to him, forms large
bodies and long dikes, is filled with dark very fine-
grained clastic material, which supports a wide range
of rock fragments of various sizes and shapes. This
was criticized by Reimold et al. (1992) and Reimold
(1995) who believe that the first pseudotachylite type
of Martini (1991) refers to impact melt and not fric-
tion melt. Sudbury Breccias, i.e. 'pseudotachylites',
very similar in appearance to those at the Vrede-
fort structure, occur at the Sudbury structure, where
they have been described as having melt and clas-
tic matrices (Dressier, 1984; Peredery and Morrison,
1984). Pseudotachylites in impact structures, there-
fore, may very well form through friction melting,
impact melting, explosive cataclasis and/or a combi-
nation of these processes. In this publication, we use
the term pseudotachylite in reference to Slate Islands
breccias that are texturally and dimensionally simi-
lar to pseudotachylites of other impact structures, as
described below, regardless of the specific mode of
formation.
We have noted pseudotachylite bodies in a few
places in the archipelago only (Fig. 1). However,
the relatively small veins and dikes are not very
conspicuous and may not be that uncommon. Thin
dikelets and anastomosing veinlets contain few or
no fragments larger than a few millimeters in size,
wider ones may or may not contain a more sub-
stantial volume of fragments derived from the host
rock. Their black or dark gray, aphanitic matrix
has flow lines. Clasts exhibit outlines and contacts
suggestive of resorption by melting. The veinlets
commonly have sharp contacts with the host rock.
At one location we noted a pseudotachylite veinlet
cut by a later, coarser-grained, clastic matrix breccia
dike (Fig. 3). This cross-cutting clastic matrix brec-
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Fig. 3. Disrupted pseudotachylite veinlet (p) cut by polymictic clastic matrix breccia dike (c). Host rock is a fine-grained diabase.
Northeastern Patterson Island. Coin has a diameter of 1.8cm.
cia contains fragments of the pseudotachylite vein,
surprisingly little removed from where the pseudo-
tachylite occurs in the host rock. At another location
we noted a clastic matrix breccia that intruded along
a pseudotachylite vein disrupting it and incorporating
fragments of it (Fig. 4). We have observed up to three
'phases' of melt in one and the same pseudotachylite
vein of which inclusions of the earliest-formed phase
were noted in a second phase. A tiny apophysis of
the third melt phase intruded the host rock of the
pseudotachylite vein, but only where the host rock is
cataclastically deformed (Fig. 5). The three observed
phases are very similar to each other, but have dis-
tinct boundaries with each other. The first phase is
darker colored than the second phase, which in turn
is darker than the third phase. In all of them, tiny
microlites are noted under highest microscopic mag-
nification. The oldest pseudotachylite phase contains
tiny rock fragments that exhibit features, indicative
of incipient melting, devitrification and marginal re-
sorption. Tiny quartz clasts in all three phases of
the pseudotachylite were more resistant to melting
than other rock-forming minerals of the host rock,
a Keweenawan diabase. A few of them exhibit pla-
nar deformation features or semicircular trends of
fluid inclusions. These semicircular trends resem-
ble boundaries of ballen structures (Carstens, 1975;
Bischoff and Strffler, 1981; Sharpton et al., 1996b;
Dressier et al., 1997). All phases appear to be altered.
The microlites, indicating devitrification, appear to
be chloritized. In other pseudotachylite samples in-
vestigated under the microscope we did not observe
more than one melt phase. We have chemically an-
alyzed matrix (the three phases combined) and host
rock of the pseudotachylites described. Both host
rock and pseudotachylite matrix are strongly altered
and are characterized by > 10 wt% LOI. This does
not allow us to chemically compare host rock with
the pseudotachylite and makes it impossible to dis-
tinguish between an in-situ and an injection origin.
In other impact structures, the composition of the
pseudotachylites more or less reflects the composi-
tion of the host rock suggesting an in-situ origin
(Dressier, 1984 and references therein).
4.1.2. Polymictic clastic matrix breccias
Polymictic clastic matrix breccias are the most
common breccias on the islands. However, they are
relatively scarce on Mortimer Island, Dupuis Island
and the other outlying islands of the archipelago.
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Fig. 4. Laminated, polymictic clastic matrix breccia dike (c/ intruding along and disrupting pseudotachylite (p_. Host rock (ht is a
fine-grained, mafic metavolcanic rock. Northeastern Patterson Island. Coin has a diameter of 1.8 cm.
We assume that they are also present in the pa-
rautochthonous target rocks beyond the excavation
cavity, away from the central uplift, but they are
probably not very common there. The breccias con-
tain a wide variety of clasts (Fig. 6) that are angular
to rounded in shape and range in size from less than a
millimeter to several meters. They are set in a matrix
that is considerably coarser than the matrices of typ-
ical pseudotachylites. The polymictic clastic matrix
breccias form dikes and irregularly shaped bodies
and have sharp contacts with their host rocks. The
dikes, in places, may be >1 km in length. We have
observed exposures of breccias 10 to 30 m in width.
Their color is either greenish gray or, less commonly,
red, depending on the color of major fragment types
derived from nearby host rocks: red breccias are
common on the western shore of Patterson Island
and Dupuis Island, whereas the greenish-gray ones
are common elsewhere. There are clast- and matrix-
supported, clastic matrix breccias. All known target
rocks have been observed as breccia fragments. Up
to seven different target rock fragment types have
been noted in a single breccia occurrence, indicat-
ing mixing of components derived from up to at
least a few hundred meters distances. Iron-rich, lam-
inated siltstone fragments are commonly observed in
breccia bodies hosted by Archean target rocks. Less
common are pinkish-brown siltstone and sandstone
clasts. Both fragment types are derived from either
the Animikie Group, the Keweenawan Supergroup,
or the Jacobsville Formation, all of Proterozoic age.
We have also noted, in clastic matrix breccias, frag-
ments of pseudotachylite, rock fragments cut by
pseudotachylite (Fig. 7), compound breccia frag-
ments (Fig. 8), and shatter-coned fragments. Breccia
bodies are commonly unsorted, but we have noted
crudely laminated breccia dikes (Fig. 4) and dikes
that contain elongate clasts oriented parallel to dike
294 B.O. Dressier, V.L. Sharpton/Tectonophysics 275 (1997) 285 311
Host rock Phase 3
Phase 1 _ Clastic matrix breccia
[_ Phase _ Apophysis of phase 3 into2 /-t clastic matrix breccia
Fig. 5. Complex pseudotachylite vein showing three distinct phases (see text).
walls all across the breccia dike or only near their
margins (Fig. 9). Where this is the case, unoriented
clasts in the central portion of the dike are larger than
at the margins, an observation made also in breccia
dikes of the Manicouagan impact structure (Dressier,
1970). Our elastic matrix breccias correspond to
Lambert's (1981) polymictic Type B breccias. His
Type B breccias have clastic matrices and are either
monomictic or polymictic, and have complex (Type
B i) or simple (Type B2) geometry.
Most breccias contain clasts exhibiting shock
metamorphic features, such as planar deformation
features in quartz and some contain very scarce, al-
tered glass or melt shards 3 assumed to be of shock
metamorphic origin (Fig. 10). Glass shards and frag-
ments with planar deformation features (PDFs) may
occur in breccia dikes hosted by rocks that also
exhibit PDFs, but this is not the case everywhere:
for example, we have noted glass shards and min-
eral fragments with planar deformation features in
breccia dikes on Dupuis, Delaute, and Leadman
islands, where host rocks apparently did not ex-
3 The scarcity (<<1 vol.% of altered glass fragments in this
breccia does not warrant the use of the term 'suevite' for these
rocks. The term suevite we wish to reserve for allogenic breccias.
perience shock pressures sufficiently high for the
formation of PDFs.
4.1.3. Monomictic, autochthonous breccias
Monomictic, autochthonous breccias have been
observed at Mortimer Island and several of the
smaller, peripheral islands. They are especially well
developed on Mortimer Island, Delaute Island, and
a small island east of Delaute Island (Fig. 11). On
Mortimer Island, the brecciation affected Archean
marie metavolcanic rocks, on Delaute Island Pro-
terozoic metasediments and Archean mafic metavol-
canics, and on the small island east of Delaute, Pro-
terozoic diabase. The breccias have angular, some-
what rotated fragments that are densely packed, com-
monly with little matrix of fine clastic rock powder
between them. Here and there, fine, elastic veinlets
and swirls of this fine matrix material are observed.
The angular fragments are commonly up to 20 cm in
diameter, but larger ones may also occur. The brec-
cias have no sharp contacts with the host rocks. Frac-
turing extends into the country rock. Monomictic
breccias, such as the ones observed on the outlying
islands, appear to be very scarce on Patterson Island.
Only one very small occurrence on this island, on the
shore of Lawrence Bay, the large bay of northwest-
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Fig. 6. Polymictic elastic matrix breccia. Clasts have various shapes and sizes and consist of a variety of Archean and minor Proterozoic
target rocks. Shoreline outcrop, Patterson Island. Hammer is 33 cm long,
ern Patterson Island, was noted. In the central regions
of Patterson Island, however, unfoliated and macro-
scopically unbrecciated diabase and granite occur,
that, when struck with a hammer, easily break into
irregular cubes and angular fragments, about 1 to 5
cm in size. We did not note these 'cryptic breccias'
on Mortimer Island or the outlying, smaller islands.
At one location, on a small island east of and very
close to Delaute Island, there is a reddish polymictic
elastic matrix breccia dike enclosed in monomictic
breccia. It is _25 cm wide and has been affected by
the brecciation responsible for the formation of the
monomictic breccia. The alignment of the dike clasts
within the monomictic breccia, however, is still rem-
iniscent of the original trend of the elastic matrix
breccia dike. Near Lambton Cove, the central bay
of Mortimer Island, there is a monomictic breccia
containing fragments of pseudotachylite veinlets.
Similar breccias have been reported from other
impact structures. At the Manicouagan structure,
for example, Murtaugh (1976) used the term 'au-
tochthonous breccia' for similar rocks, following
Dence (1968) who used the term 'monomict, autoch-
thonous breccias' for these rocks in the early years of
investigations of impact cratering phenomena.
4.2. Allogenic breccia deposits
Previously, the whole island group was interpreted
to represent the strongly eroded remnant of the cen-
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Fig. 7. Target rock fragment (felsic metavolcanic) cut by pseudotachylite vein (p) in polymictic clastic matrix breccia. Fragments consist
of mz_fic and felsic metavolcanic rocks. Plane polarized light. Scale 2 mm.
Fig. 8. Compound breccia clast (c, breccia in breccia in breccia) in polymiclic elastic matrix breccia. Plane polarized light. Scale I mm.
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Fig. 9. Flow-aligned, polymictic clastic matrix breccia. Alignment of mafic clasts is most evident. Most felsic clasts are suhrotmdcd to
angular, and show no flow alignment. Plane polarized light. Scale 2 ram.
Fig. 10. Contorted, altered glass fragment (g) in polymictic elastic matrix breccia. Glass fragments were observed in only very few of
thcsc breccias. Nowhere did they make up more than a fraction of I%. Plane polarized light. Scale 4 ram.
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tral uplift of a complex impact crater (Halls and
Grieve, 1976). In such a deep level environment, one
would not expect the preservation of allogenic brec-
cias. Recently, however, Dressier et al. (1994, 1995)
and Sharpton et al. (1996a) have described allogenic
breccias on Dupuis Island and in southeastern and
eastern Patterson Island which led to a structural
reinterpretation of the impact crater (Sharpton and
Dressier, 1996; Sharpton et al., 1996a). The central
uplift in this new interpretation is restricted to the
more western part of Patterson Island. Two allogenic
breccia types appear to be present. One contains
strongly altered glass fragments, the other is devoid
of glass. Following the general terminology devel-
oped from studies of allogenic breccias within other
impact structures, we call the first type 'suevite', the
second 'Bunte Breccia'. Outcrop conditions do not
allow in all places to differentiate between allogenic
breccias and breccias hosted by bedrock.
4.2.1. Suevite
Suevite at the type location of the Ries crater in
Germany is a polymictic clastic matrix breccia con-
taining glass fragments and rock and mineral clasts
exhibiting features diagnostic of various degrees of
shock metamorphism. In the 'crater suevite', glass
fragments do not have aerodynamic shapes, whereas
those of the fall-out suevite do (Engelhardt and Graup,
1984; Engelhardt, 1990 and references therein). At
the Slate Islands structure, we have observed brec-
cias that match the suevite classification; however,
nowhere did we observe unequivocal aerodynami-
cally shaped glass fragments. Only few suevite occur-
rences have been observed. This may be the result of
erosion, suevite being less resistant to erosion than the
Precambrian target rocks. One occurrence is in Sun-
day Harbour of southern Patterson Island, a few occur
at the eastern shore of this island, and a small number
is on Dupuis Island (Fig. 1). Polymictic clastic matrix
breccia dikes that contain very minor amounts of al-
tered glass are more common than allogenic suevite
and are not classified as 'suevite' here.
As at the Ries suevite type location, the Slate
Islands suevite contains a wide variety of target rock
fragments, ranging in size from less than a mil-
limeter to about 2 m. Clasts derived from lower
target stratigraphic levels are more abundant in sue-
vite than in the 'Bunte Breccia' (cf. below). The
Dupuis Island suevite, however, contains sandstone
clasts that strongly resemble sandstone of the 800
Ma old Jacobsville Formation. All glass fragments
in the suevite are completely altered, the alteration
products, based on our microprobe work, are chlo-
rite and smectite (Table 1). Glass fragments up to
_5 cm long occur, but smaller ones are much more
common. At the Sunday Harbour, about 8 to 10 m
high, suevite occurrence (Fig. 13), chlorite is the
alteration product in the lower portion of the oc-
currence, whereas smectite (Fig. 14) replaced the
glasses higher up. Quartz fragments and quartz in
rock clasts exhibit up to five sets of planar defor-
mation features. The matrix of the suevite is made
up by very fine-grained mineral and glass fragments,
commonly too fine grained for light-microscopic
identification. In Table 2 we list the modal compo-
Table 1
Composition of
hour occurrence
altered glass fragments in suevite, Sunday Hat-
Upper suevite a Lower suevite _
average SD average SD
Si02 53.70 1.20 34.86 2.30
TiO2 0.98 0.50 0.43 0.28
A1203 29.43 1.29 17.40 2.14
FeO 2.22 0.11 16.40 2. I O
MnO 0.03 0.03 0.11 0.02
MgO 1.73 0.26 20.17 1.03
CaO 0.99 0.60 0.26 0.05
Na20 0.95 0.03 0.20 0.00
K20 5.56 0.12 0.24 0.32
P205 0.41 0.54 0.06 0.09
Total 96.00 2.47 90.13 1.25
a3 fragments; 3 microprobe analyses per fragment: Fe as FcO
total; SD is standard deviation.
Fig. 1 I. Monomictic, autochthonous breccia. Angular fragments of various sizes are set in a matrix derived through strong cataclasis.
Contact of breccia with diabase host rock (not shown on this figure) is gradational. Small island east of Delaute Island. Pocket knife for
scale.
Fig. 12. Bunte Breccia. Sunday Harbour. Clasts are angular to subrounded and consist of gray, buff and brown, fine-grained Pr_terozoic
sandstones and siltstones. Hammer in center of photograph is 33 cm long.
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Fig. 13. Suevite. Several, tiny glass fragments (in center of circles) in polymictic elastic matrix. Plane polarized light. Sunday Harbour
occurrence. Scale 2 mm.
Fig. 14. Vesicular glass fragment in suevite, replaced by smeclite: q is quarlz fragment. Plane polarized light. Sunday Harbour occurrence.
Scale 0.1 mm.
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Table 2
Modal composition of Slate Islands suevite
301
Sample: 1 2 3 4 5 6 7 Average 1-7 8
Mineral clasts 5.40 6.60 6.00 6.40 6.20 8.80 3.8 30.00
In order of abundance: quartz, opaque minerals,
feldspar, carbonate and chlorite.
Rock clasts
Mafic metavolcanics 11.20 3.60 0.60 0.60 3.40 4.80 15.20 5.63 2.80
Felsic metavolcanics 11.00 4.20 28.20 34.00 20.00 14.20 14.60 18.03 10.30
Siltstone/mudstone 12.60 10.60 0.60 5.80 7.20 10.80 14.40 8.86 1.00
Glass fragments 7.40 16.20 4.80 4.60 7.40 5.40 5.40 7.31 3.50
Matrix 52.00 58.80 59.80 48.60 55.80 56.00 46.60 53.94 52.10
1-7: Sunday Harbour, Patterson Island; 8: Dupuis Island (Fig. 1).
sition of several samples of Slate Islands suevite.
Large clast and matrix content vary widely. There-
fore, results shown in Table 2 cannot be considered
representative of all Slate Islands suevite. One result
of the modal analyses, however, is significant: all
investigated suevite samples are characterized by a
relatively low content of altered glass.
4.2.2. Bunte breccia
Close to the suevite exposure in Sunday Harbour,
at the same elevation above the level of Lake Supe-
rior, is an outcrop of a breccia consisting of a few
large blocks of light grayish-buff, shatter-coned silt-
stone and pinkish sandstone. The siltstone blocks are
up to >5 m in size, the sandstone blocks reach only
about 1 m in diameter (Fig. 12). Little fine-grained
matrix only is present embedding the blocks, and no
glass fragments or strongly shocked or mineral frag-
ments have been observed. The gray siltstone resem-
bles units of the Proterozoic Rove Formation known
to occur on northern Mortimer Island. The pink
sandstone possibly is derived from the _800 Ma old
Jacobsville Formation. Both fragment types, there-
fore, represent stratigraphically young target rocks.
Another exposure of Bunte Breccia-type rocks is on
Delaute Island where the glass-free, allogenic brec-
cia deposit is underlain by parautochthonous, mo-
nomictic breccia. It consists mainly of Proterozoic
siltstone and minor Archean rock clasts.
Macroscopically, the breccias resemble Bunte
Breccia (in German, bunt is 'multicolored') of the
Ries crater in Germany and correspond to 'frag-
mental breccias' of Strffler et al. (1988, and ref-
Matrix grain size: <0.04 mm.
erences therein). At the Ries, the Bunte Breccia is
found around the morphological crater, up to _35
km from the crater center (Hrrz et al., 1977) and
in the 'megablock zone' inside the crater. It con-
tains clasts derived mainly from the upper target
rock stratigraphy and local components. These local
rocks from outside the crater are intermixed with
clasts that were ejected ballistically (Hrrz et al.,
1977), or transported in a ground-surge-like mode
(Chao and Minkin, 1977) from the impact crater.
These local components may, in places, constitute
>90% of the volume of the Bunte Breccia (Hrrz
et al., 1977). Clasts derived from the crystalline
basement make up from _3-10% of the total vol-
ume of the clasts (Pohl et al., 1977). Bunte Breccia
components are devoid of deformation features char-
acteristic of high levels of shock metamorphism.
Clast sizes range from <1 mm to 25 m (Htittner,
1969). Megablocks are _25 m-_l km in size. The
Slate Islands breccia described here resembles the
Bunte Breccia of the Ries, as it has no strongly
shocked components and is derived from strati-
graphically high target rock. However, the Bunte
Breccia of the Slate Islands archipelago occurs rel-
atively close to the center of the impact structure,
clearly inside the transient crater, assuming that
the size estimate for the Slate Islands structure is
correct.
5. Discussion
The presence of shatter cones and of planar mi-
crodeformation features in the target rocks of the
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Slate Islands structure are convincing evidence that
the structure was formed as a result of asteroid
or comet impact. The shock deformation features
in components of the breccias encountered on the
islands and the presence of altered glass in the brec-
cias strongly suggest that the breccias were formed
by impact processes. These processes are very rapid
processes, but cannot be considered instantaneous.
Supersonic shock waves and rarefaction affect the
various rock units across an impact site at slightly
different times. While certain breccias form in the
compression stage of an impact event, others origi-
nate during the decompression phase (i.e., excavation
and central uplift) or during central uplift collapse
and crater modification. It is likely that breccias
formed in one stage may cut across or include clasts
of another breccia of an older stage or even approx-
imately the same stage. Irregularly shaped breccia
bodies or dikes may well form and spread instanta-
neously at sites close enough to each other to allow
cross-cutting of breccia dikes and incorporation of
breccia clasts in breccias, all originally from the
same breccia generation. We made observations of
multiple and sequential processes in rocks of the
Slate Islands structure and believe that they are all
compatible with an impact origin of the structure.
In the following the various breccia types described
above are related to the impact process as presently
understood.
_. 1. Compression staee
Upon asteroid or comet impact, the initial, com-
pressional shock wave forces target rocks into down-
ward and outward motion leading to the formation of
a transient crater. During this compressional stage,
only more or less in-situ brecciation and melting can
occur in the target material, but no large-scale brec-
ciation involving mixing of rock fragments derived
from various, far-apart locations. We believe that
only pseudotachylite meets these characteristics and
tbrms in this stage. This is not a new interpretation
tSt6ffler e! al., 1988). St.bstantial resistance, how-
ever, had to be overcome during the compression
staee to allow rock crushing, frictional movement
and the formation of a pseudotachylite. We envi-
sion this to have happened mainly at preexisting
weaknesses, such as fractures and rock contacts, as
has been observed at other impact structures (e.g.
Dressier, 1984). Target rocks of different densities
experience different acceleration due to the passage
of the shock wave and at contacts, therefore, ex-
perience tensional stress leading to crushing and
eventually to melting. As these compressional stage
veinlets formed more or less in situ, their chemical
composition should reflect the chemical composi-
tion of their host rocks. Rock fracturing and faulting
occur in probably all stages of the impact process.
Even monomictic brecciation may occur in early
stages, although we made no observations of this
effect.
Assuming that our assignment of the pseudo-
tachylite veinlets and dikes to the compression stage
of the impact process is correct, the formation of
these pseudotachylite veins is a very rapid process.
Careful examination of microscopic features, how-
ever, reveals that even this rapid process is not
'instantaneous' and simple, but surprisingly very
complex. As we have shown (Fig. 5), 'three phases'
of pseudotachylite have been observed. Furthermore,
we have shown that the interior of the third phase
was still liquid during the formation of the clastic
matrix breccia which locally makes up the host of
the pseudotachylite. The margins of the third phase
were already vitrified while its interior was still liq-
uid to allow tiny apophyses of the third phase to cut
across vitrified rims and intrude the clastic breccia.
In one portion of the sample described here, how-
ever, the third pseudotachylite phase had vitrified
prior to the formation of the clastic matrix breccia as
it forms angular fragments within this clastic breccia.
Surprisingly, our petrographic observation suggests
also that the formation of the clastic matrix breccia
in Fig. 5 was completed prior to the complete vitrifi-
cation of the melt of the third pseudotachylite phase,
as the tiny apophysis of this phase is not affected
by the brecciation. The various observed pseudo-
tachylite fragments and 'phases' do not just repre-
sent one laminated pseudotachylite. They are distinct
under the microscope. The homogeneous, igneous
host rock of the pseudotachylite investigated here
does not contain petrographic features indicative of
shearing and displacement of the host rock along
pseudotachylite veinlet as has been rarely observed
at other impact structures, such as the Manicouagan
(Dressier, 1970) and Sudbury structures (Dressier,
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1984). At the Sudbury structure, for example, there is
little evidence that pseudotachylites (Sudbury Brec-
cias) were formed solely by friction (e.g. fig. 6.8
of Dressier, 1984). The veinlet of Fig. 5 probably
represents an apophysis of another, thicker vein that
was formed by friction and/or impact melting. The
thin veinlet of only _ 1-8 mm thickness investigated
here possibly received three pulses of melt t?om the
thicker pseudotachylite 'reservoir vein', at time inter-
vals long enough to allow rapid vitrification of each
phase within the low-temperature host rock before
injection of the next phase. Pseudotachylite injection
veins, branching off tabular pseudotachylite veins
and dikes, have been described from impact struc-
tures (e.g. Dressier, 1984) and tectonic regimes (e.g.
Sibson, 1975) supporting the tentative interpretation
of our observations.
Fiske et al. (1995) generated 'pseudotachylites'
in shock experiments and pseudotaehylite-like rocks
have been recently also produced by Spray (1995)
in 2-second friction experiments. The compressional
shock event experienced by the Slate Islands target
rocks was probably of a shorter duration. However,
readjustment of the target rocks during and after
excavation, uplift and crater modification probably
provided the impetus for the intrusive pulses off
the reservoir vein as described above. Our obser-
vations suggest that pseudotachylite formation is a
complex process and that it was rapidly followed by
the generation of clastic matrix breccia, so rapidly
that parts of the pseudotachylite described above
had not vitrified prior to the formation of the clas-
tic matrix breccia. Our study also shows that not
only impact-induced and/or frictional melting but
also the subsequent vitrification is a very rapid pro-
cess.
We have also observed _2 cm wide pseudo-
tachylite veins cut by about 10 to 15 cm wide
polymictic clastic matrix breccia dikes (Fig. 3) and
polymictic clastic matrix breccias intruding where
pseudotachylite was formed earlier, incorporating
clasts of the disrupted pseudotachylite (Fig. 4). Pseu-
dotachylite-bearing clasts are present in polymictic
clastic matrix breccias (Fig. 7). All these observa-
tions support our interpretations that pseudotachylite
forms before the formation of polymictic clastic
matrix breccia, presumably during the compres-
sion stage of the impact process. The petrographic
results support our hypothesis that Slate Islands
pseudotachylites are being formed in situ through
shock-induced frictional and/or impact melting dur-
ing an early stage of the impact process. In places
shock pressures may have reached > 50 GPa (Strffler
and Langenhorst, 1994) or temperatures of 1700°C,
if our interpretation is correct that some semicir-
cular trends of fluid inclusions in quartz fragments
in the pseudotachylite melt represent recrystallized
ballen structures (Carstens, 1975: Bischoff and StOf-
tier, 1981, 1984). This possibly would suggest that
the quartz fragments with these structures represent
recrystallizations after lechatelierite.
Pseudotachylite formation conceivably may also
occur during central uplift and other, later stages.
However, we did not make any diagnostic obser-
vations that would substantiate this. At the Sud-
bury structure, pseudotachylite veins occur which
are similar to those described here. However, most
rocks described there as pseudotachylites have elas-
tic matrices and form large, irregularly shaped, dis-
continuous 'Sudbury Breccia' bodies (Fairbairn and
Robson, 1942; Speers, 1957; Dressier, 1984; MiJller-
Mohr, 1992). They are randomly distributed within
large, discontinuous, concentric zones, or form kin-
long, non-circular dikes (Dressier, 1984; Peredery
and Morrison, 1984; Thompson and Spray, 1994). In
our opinion, they are probably related to the crustal
rebound, large-scale modification and readjustment
stages of the impact process. They contain a wide
range of bedrock inclusions of which some are 'ex-
otic', that is derived from other than immediate host
rocks. At the Slate Islands structure, however, we
did not observe pseudotachylite that we could un-
equivocally assign to impact stages other than the
compression stage.
Pseudotachylite as described here corresponds to
Lambert's (1981) Type Aj breccias which contain
few or no clasts in handspecimen, and have a crypto-
crystalline, 'non-clastic' matrix, flow features and
sharp contacts with host rocks. Fine-grained, lami-
nated matrix, Type A2 breccias of Lambert (1981),
have not been observed amongst our samples studied
in thin section. Type A breccias, according to Lam-
bert, formed in the shock front, during shock com-
pression, an interpretation supported by our obser-
vations. The characteristic of some unfoliated rocks
in central Patterson Island to easily break apart into
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angular fragments, when struck with a rock ham-
mer, may be, in our opinion, a result of intense,
compressive stress not conducive to rotation of frag-
ments. Foliated rocks do not exhibit this 'cryptic
brecciation'.
Relatively strong alteration of Slate Islands pseu-
dotachylite veinlets (up to 11.29 wt% LOI) and of
the immediate host rocks (up to 8.32 wt% LOI)
does not allow a comparison of chemical bulk com-
positions that would substantiate our interpretation
of an in-situ origin of the pseudotachylite. This
has been done successfully in other impact struc-
tures (Speers, 1957; Murtaugh, 1975, 1976; Dressier,
1984; Reimold, 1991) where the chemical composi-
tion of the pseudotachylite reflects the composition
of their host rocks.
We believe that shatter cones form early, in the
compressional stage of the impact process. This in-
terpretation is based on our observations of shatter-
coned clasts in allogenic breccias and in polymictic
clastic matrix breccia dikes. We assign these brec-
cias to the excavation and central uplift stages of the
impact process, as described in the following.
5.2. Excavation and central uplift
Following the passage of a hypersonic shock
wave, rarefaction, decompression, and central up-
lift affect the target rocks, again leading to brec-
ciation of target rock units and of earlier formed
breccias. Excavation and ejection lead to the forma-
tion of allogenic breccia deposits within the crater
itself and in the area surrounding it. Decompres-
sion allows opening of fractures within the crater
floor and wall rocks. As during the compressional
stage of the impact process, heterogeneous targets
will be subject to stronger brecciation than homo-
geneous targets, because of weaknesses along rock
contacts, different densities of the various litholo-
gies affected, and other heterogeneous physical rock
properties. We also believe that the volume of brec-
cias as a percentage of the total target rock vol-
ume and the shapes and sizes of breccia bodies
formed in the decompression stage is strongly influ-
enced by these rock properties. Homogeneous rock
masses, such as the anorthosite body of the Mani-
couagan impact structure (Dressier, 1970; Murtaugh,
1975, 1976) are uplifted as large, little brecciated,
shocked blocks, while heterogeneous ones break up
into smaller, brecciated components (Slate Islands).
It is our impression that irregularly shaped, anas-
tomosing, inclusion-rich, polymictic breccia bodies
form mainly at the boundaries of these smaller rock
masses and along weaknesses within them. They
cut across earlier formed pseudotachylite veins and
contain inclusions of them. We estimate that _15-
25% of the rocks on Patterson Island are breccias,
most of which are polymictic clastic matrix breccias.
These clastic matrix breccias correspond to Lam-
bert's (1981) polymictic Type B breccias in that they
contain various target rock fragments in a clastic
matrix.
Decompression, especially during central uplift,
when target rocks are in a relatively cohesionless
state of dilatation, allows for the formation of large
breccia bodies between and in target rock blocks
of all sizes. It also allows for the movement and
mixing of breccia components, including clasts of
breccia formed during the same process (Fig. 8).
Movement of fragments in breccias occurs over
considerable distances. The presence of clasts of
Proterozoic Animikie, Keweenawan, and Jacobsville
rocks in breccias hosted in Archean rocks suggests
downward movement and mixing of breccia clasts
over considerable distances of possibly as much as
more than 5 km, if our classification of some of
the sandstone clasts as derived from the Jacobsville
Formation is correct. This depth estimate is based on
our interpretation of the seismic GLIMPCE Line A
(Mariano and Hinze, 1994), especially of the repro-
cessed northern-most part of this line (courtesy of
B. Milkereit, Geological Survey of Canada), where
Keweenawan metabasalts just south of the central
uplift form a >5 km thick sequence. No Ordovician
to Devonian limestone clasts have been found in the
breccias on the islands, suggesting either that the
structure is >350 Ma old or that the Phanerozoic
Michigan and Hudson Bay Lowlands basins were
not connected across Lake Superior, as advocated by
Norris and Sanford (1968). Downward movement of
clasts in impact breccias into crater basements has
also been observed at other terrestrial impact craters,
for example the Ries crater in Germany (StOffler,
1977).
The presence of glass in polymictic clastic matrix
breccia on Dupuis and Leadman islands suggests that
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Fig. 15. Post-impact recrystallization of rim of quartz grain (q) in polymictic clastic matrix breccia. Plane polarized light. Scale 2 ram.
fragment transport, in addition to substantial down-
ward transport, was mainly away from the center
of the impact. Our observations indicate fragment
transport of distances of up to and possibly >2 km.
This is the distance between the east shore of Pat-
terson Island, where high shock pressure features are
common in the target rocks, to the breccia dikes on
the main island of the Leadman Islands group that
contain fragments with planar deformation features
in quartz. The target rocks at the Leadman Islands
do not contain these features. Similar observations
at the Manicouagan structure support our interpreta-
tion. Near the periphery of this structure, close to the
northeast shore of Mushalagane Lake, clastic matrix
breccia dikes ('red suevite') were observed before
the filling of the Manicouagan reservoir that have
characteristics similar to those just described. The
host rocks have no features indicating strong shock
deformation but the breccias contain fragments with
planar deformation features and fragments of rocks
that are not known to outcrop in the vicinity of the
'red suevite' dikes (Dressier, 1970, 1990).
All our diagnostic observations indicate that the
polymictic clastic matrix breccias formed after the
formation of pseudotachylite and the compression
phase of the impact process. We did not make
any observations that would suggest that they also
tbrmed during the later crater modification phase.
Suevite found in a few places on the islands
is relatively glass-poor and glass fragments do not
exhibit aerodynamic shapes. These are characteris-
tics of fall-back, crater suevite (Pohl et al., 1977;
Engelhardt and Graup, 1984: Engelhardt, 1990 and
references therein). They are in good agreement with
the location of the observed suevite deposits at what
we believe are the flanks of the central uplift or
the annular trough around the uplift (Sharpton and
Dressier, 1996). Fall-out suevite deposits are prob-
ably present beneath the waters of Lake Superior
around the island group. On the mainland to the
north they have been removed by erosion.
Ejected breccia deposits derived mainly from the
upper target stratigraphy, and loosely termed Bunte
Breccia here in analogy to breccias at the Ries crater,
have also been eroded on the northern mainland.
There is one Bunte-Breccia-like outcrop in Sunday
Harbour of Patterson Island, and another one on
Delaute Island. The Sunday Harbour location may
be at the flanks of the central uplift or, as the Delaute
island occurrence, at the inner, annular trough of
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Fig. 16. Section across the Slate Islands complex impact structure showing distribution of breccias investigated. Minor polymictic
clastic matrix breccias are present also further away from the center of the structure than shown here. Profile is based on bathymetric
information from around the archipelago and on topographic maps of the islands. Compare with Fig. 2.
the Slate Islands complex impact structure (Sharpton
and Dressier, 1996).
5.3. Crater modification
Following central uplift and excavation, collapse
of the central peak or peak ring and the walls of
the transient crater result in the formation of frac-
tures and possibly the rotation of parautochthonous
megablocks. Late fracturing probably would be
strongest at these locations within the impact struc-
ture. We would expect to see earlier formed breccias,
such as pseudotachylite and polymictic clastic ma-
trix breccias, to be affected by this late fracturing
process. In two places we were able to make obser-
vations diagnostic to that effect. At Mortimer Island,
in Lambton Cove, there are pseudotachylite veinlets
that have been affected by late monomictic breccia-
tion, as have polymictic clastic matrix breccia dikes
on a small island west of Delaute Island. Therefore,
we believe that most or all monomictic breccias form
late in the impact process. We did not make any
diagnostic observation that would suggest that they
also form during an earlier phase: we did not observe
monomictic breccia bodies cut by pseudotachylite or
polymictic clastic matrix dikes. Our 'cryptic brec-
cias', however, are believed to have formed during
the compression stage.
5.4. Post-impact modifications
In terrestrial impact structures, following crater
modification, hydrothermal alteration affects brec-
cias to various degrees. This has been observed at
several structures, such as the Ries crater in Ger-
many (Engelhardt, 1990 and references therein), the
Rochechouart structure in France (Bischoff and Os-
kierski, 1987), and others (e.g. Boer et al., 1996;
McCarville and Crossey, 1996). At the Slate Islands
structure similar alterations were noted by us. Im-
pact glasses were all replaced by either chlorite or
smectite. Pseudotachylite veinlets have whole-rock
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Table 3
Slate islands impact br¢ccias
Impact Phase
Time (s)
Slate Islands Impact Breccias
Compression Excavation/Central Uplift Modification Long-term ReadJustmenl
;- Faulflnll: _:
ii _ AIIogenic BX
Monomlctlc BX
_icUc clastic Matrix BX;
_udotach_ 1 (BX: Breccia)
t t
0 100 101-10 = >10 =
I I I I
Breccia type Diagnostic observations Impact stage
Breccias in target n)cks
Pseudotachylite Fluidal melt texture; thin dikelets and anastomosing veins; Compression
sharp contacts with host rocks; few clasts, some with shock
features. Relatively scarce, observed on Patterson and
Mortimer islands.
Homogeneous rock that breaks into small, angular fragments when
struck with a rock hammer. Central Patterson Island only.
Wide variety of clasts of various shapes and sizes; shock
metamorphic features; altered glass in places; fragments of
pseudotachylite in places; forms dikes and irregularly shaped
bodies with sharp contacts with host rocks; cuts across
pseudotachylite. All islands, but mainly on Patterson Island.
Monomictic, angular fragments in clastic matrix; transitional
contacts with host rocks; contains fragmented, polymictic,
clastic matrix breccia dikes. Mortimer Island and outlying
islands only. Very scarce on Patterson Island.
'Cryptic breccia"
Polymictic clastic
matrix breccia
Monomictic breccia
Compression
Central uplift and excavation;
possibly also somewhat later.
'Bunte Breccia' Excavation
Crater modification
Allogenic hreccias
Suevite Shock metamorphic clasts and altered glass fragments in clastic Excavation
matrix. Glass fragments have no aerodynamic shapes. South and
east Patterson Island and Dupuis Island only.
Polymictic, glass-free breccia. No features indicative of
strong shock. South Patterson and Delaute islands.
chemical compositions with almost 12 wt% loss on
ignition and elementary changes suggesting chlori-
tization. Some breccia dikes have much carbonate
in their matrices, not only reflecting post-impact al-
teration but also incorporation of carbonate from
pre-impact carbonatized metavolcanic rocks. Breccia
components, in places, exhibit signs of post-breccia-
tion recrystallization as shown in Fig. 15. All these
observations provide evidence that relatively warm
fluids were percolating within the breccias, be they
in dike form or be they fall-back deposits.
6. Conclusions
We have described a variety of polymictic and
monomictic breccias from the Slate Islands impact
structure and related them to the various stages of
the impact process. The distribution of the various
breccia types is schematically shown in Fig. 16.
Polymictic clastic matrix breccias are prominent
on Patterson Island, whereas monomictic breccias
are mainly found on the outlying islands of the
archipelago. We did not observe any breccias near
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the northern crater rim, assumed to lie on the main-
land north of the island group. This is possibly the
result of erosion. Wiest (1987), for example, has re-
ported an increase of brecciation near the rim fault
zone of the Carswell complex impact structure in
Saskatchewan, Canada. In Table 3 we summarize our
observations and interpretations. Pseudotachylite and
shatter cones form during the compressional stage,
polymictic clastic matrix breccia dikes with and
without glass fragments during the decompression,
excavation and central uplift stages, and monomictic,
parautochthonous breccias during the crater modifi-
cation stage. Suevitic breccias and Bunte-Breccia-
type rocks represent ejecta fall-back deposited at
the flanks of the central uplift or in the annular
trough around the central uplift. They are probably
also present beneath the waters surrounding the Slate
Islands archipelago.
Polymictic clastic matrix breccias are formed pos-
sibly also during the early crater modification stage.
Likewise, breccia types, which we have assigned
to the compressional stage of the impact process,
may have very similar, conceivably identical, coun-
terparts that were formed in a later stage. However,
we did not make any diagnostic observations to this
effect.
Our observations also provide answers to some
criticism from traditional geoscientists, who were in
the past at odds, and in some cases still are, with
apparently contradictory field observations of 'obvi-
ously multiple and sequential geological processes'
recognizable in the record provided by impact rocks
and the understandable preconception of a traditional
geoscientist, on what characteristics the rocks and
rock units should have that are formed by a rapid,
catastrophic, and chaotic process such as planetary
impact. Observations of breccia clasts in breccias, of
one breccia dike cutting across an 'older' one, or the
observation of sharp contacts within impact ejecta
deposits, for example, were seen as evidence for
sequential processes, one following the other, possi-
bly with considerable time intervals between them.
Therefore, these observations were in the past some-
times understandably advanced as evidence against
interpretation of rock sequences as formed by im-
pact. In consequence, geological structures charac-
terized by these sequences could not be impact sites
(for example Muir, 1984). As we have shown, there
are cross-cutting breccia dikes and breccia clasts in
breccias and other features in the rocks at the Slate
Islands impact structure that are suggestive of se-
quential processes. However, they were all formed
during one catastrophic impact process.
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